Background: DNA polymerases translocate along DNA by one nucleotide in each catalytic cycle. Results: The DNA polymerase translocation step is observed with single nucleotide and submillisecond precision. Conclusion: DNA polymerase complexes fluctuate between pre-and post-translocation states and are rectified to the posttranslocation state by dNTP. Significance: These results provide insight into the translocation mechanism and its integration into the DNA polymerase catalytic pathway.
Complexes of phi29 DNA polymerase and DNA fluctuate on the millisecond time scale between two ionic current amplitude states when captured atop the ␣-hemolysin nanopore in an applied field. The lower amplitude state is stabilized by complementary dNTP and thus corresponds to complexes in the posttranslocation state. We have demonstrated that in the upper amplitude state, the DNA is displaced by a distance of one nucleotide from the post-translocation state. We propose that the upper amplitude state corresponds to complexes in the pretranslocation state. Force exerted on the template strand biases the complexes toward the pre-translocation state. Based on the results of voltage and dNTP titrations, we concluded through mathematical modeling that complementary dNTP binds only to the post-translocation state, and we estimated the binding affinity. The equilibrium between the two states is influenced by active site-proximal DNA sequences. Consistent with the assignment of the upper amplitude state as the pre-translocation state, a DNA substrate that favors the pre-translocation state in complexes on the nanopore is a superior substrate in bulk phase for pyrophosphorolysis. There is also a correlation between DNA sequences that bias complexes toward the pretranslocation state and the rate of exonucleolysis in bulk phase, suggesting that during DNA synthesis the pathway for transfer of the primer strand from the polymerase to exonuclease active site initiates in the pre-translocation state.
DNA polymerases are molecular motors that catalyze template-dependent DNA replication. In each catalytic cycle, these enzymes translocate along their DNA substrate by the distance of a single nucleotide. Accurate translocation is essential to prevent frameshift mutations and thus fundamental to the fidelity of DNA replication. Fidelity also depends upon the specific incorporation of the deoxynucleoside triphosphate (dNTP) complementary to the templating base in the polymerase active site. DNA polymerases achieve fidelity through two mechanisms. First, in each catalytic cycle they select complementary dNTP via a series of conformational checkpoints that precedes the covalent step of phosphodiester bond formation (1) (2) (3) . One of these conformational rearrangements is well characterized through comparison of the crystal structures of DNAP-DNA complexes formed in the absence or presence of complementary dNTP. The general architecture of the DNA polymerase domain is highly conserved and resembles a partially closed right hand, comprising three subdomains (4 -7) . The palm subdomain contains residues required for the chemistry of catalysis, whereas the thumb subdomain positions the primer-template duplex in the active site. The fingers subdomain contains residues essential for binding incoming nucleotide substrates. In crystal structures of complexes containing complementary dNTP, the position of the fingers subdomain differs from its position in the binary complex structures; elements of this subdomain move in toward the active site cleft to achieve a tight steric fit with the nascent base pair.
A second mechanism that contributes to the fidelity of replication occurs after an incorrect dNMP residue is incorporated into the primer strand. Progression to the next nucleotide addition cycle is slowed, allowing many DNA polymerases to recognize the mismatch and transfer the primer strand to a 3Ј-5Ј-exonuclease active site, where the incorrect dNMP is hydrolytically excised. The trimmed primer strand is then transferred back to the polymerase active site for synthesis to resume. The exonuclease active site is located in a separate domain (or in some cases, a separate subunit) of the enzyme; in A and B family polymerases the exonuclease site is separated from the polymerase active site by 30 -40 Å (4, 5, 8, 9 -11) . Primer strand transfer requires that several base pairs of the primer-template duplex be melted. Transfer from the polymerase to the exonuclease active site can occur via an intermolecular or intramolecular mechanism (12, 13) , and one or more intermediates have been implicated in the transfer pathway (14 -16) .
Optimum balance between speed and accuracy in replication requires that the process of primer strand transfer between the polymerase and exonuclease active sites be tightly coordinated. A detailed description of the kinetic and structural mechanisms that govern the transfer pathway, and how this pathway is integrated into the nucleotide addition cycle, is required to understand how this balance is achieved. At what step in the nucleotide addition cycle is the transfer reaction initiated? How does it relate to other steps that occur following phosphodiester bond formation, including pyrophosphate release, fingers opening, and translocation?
The B-family DNA polymerase from bacteriophage phi29 contains 5Ј-3Ј-polymerase and 3Ј-5Ј-exonuclease functions within a single ϳ66.5-kDa protein chain (17, 18) . This polymerase catalyzes the processive replication of tens of kilobases of DNA in vitro without the need for accessory proteins such as sliding clamps or helicases. Strand transfer between the polymerase and exonuclease active sites of phi29 DNAP 3 in bulk phase occurs via an intramolecular process (12) . In optical trap experiments, it has been shown that a transition from processive synthesis to processive exonucleolysis by phi29 DNAP can be induced by high levels of tension on the template strand. Kinetic modeling led to the proposal of at least two intermediates in the switch from the polymerization to the exonucleolytic reactions (16) .
Processive DNA synthesis catalyzed by phi29 DNAP can be monitored with single nucleotide resolution using the ␣-hemolysin (␣-HL) nanopore (19) . In the current study, we have directly observed a fluctuation across the translocation step on the millisecond time scale for individual phi29 DNAP-DNA complexes captured atop the nanopore. The data suggest a model in which polymerase translocation is driven by Brownian thermal motion. Binary complexes fluctuate between the pre-translocation and post-translocation states and can be rectified to the post-translocation state by the binding of complementary dNTP. Active site-proximal sequences in DNA substrates bearing fully base-paired duplexes affect the equilibrium between the two states. There is a correlation between the dwell time of phi29 DNAP-DNA complexes in the pre-translocation state on the nanopore and the relative efficiency of DNA substrates in bulk phase for both the exonuclease reaction and for pyrophosphorolysis, a catalytic reaction that occurs in the polymerase active site in the pre-translocation state. These data implicate the pre-translocation state as a branch point in the pathway for primer strand transfer from the polymerase to exonuclease active sites, suggesting that during DNA synthesis the commitment to transfer the primer strand to the exonuclease site is made prior to the translocation step. Thus, the probability of strand transfer may be determined in part by the probability of pre-translocation state occupancy following nucleotide addition.
EXPERIMENTAL PROCEDURES
DNA and Enzymes-DNA oligonucleotides were synthesized at the Stanford Protein and Nucleic Acid Facility and were purified by denaturing PAGE. DNA hairpins were annealed prior to experiments by heating at 90°C for 4 min followed by snap cooling in ice water. Results indistinguishable from those presented for experiments with the substrate in Fig. 1B were obtained using a two-piece primer-template hybrid bearing the same active site-proximal sequences and template abasic reporter. Wild type phi29 DNAP was obtained from Enzymatics (Beverly, MA). The N62D and D12A/D66A mutant phi29 DNAP enzymes were obtained from XPol Biotech (Madrid, Spain). Experiments with the mutant proteins were conducted at the University of British Columbia.
Nanopore Methods-Nanopore experiments were conducted as described (19, 20, 22, 23, 30) in buffer containing 10 mM K-Hepes, pH 8.0, 0.3 M KCl, and 1 mM EDTA. DTT and MgCl 2 were added to the cis chamber to final concentrations of 1 and 11 mM, respectively. Ionic current was measured using an integrating patch clamp amplifier (Axopatch 200B, Molecular Devices) in voltage clamp mode. Data were sampled using an analog-to-digital converter (Digidata 1440A, Molecular Devices) at 100 kHz in whole-cell configuration and filtered at 5 kHz using a low pass Bessel filter.
Data Analysis-Histograms of all sampled amplitude data points were generated with Clampfit software (Molecular Devices) at 0.2 pA bin width. Histograms in Fig. 2B were fit to a single term Gaussian function using the Levenberg-Marquardt search algorithm provided in Clampfit; histograms in the remaining figures (Fig. 1D, Fig. 4B and supplemental Figs. S2 and S4) were fit to a two-term Gaussian function using the same search algorithm. The probability of the lower amplitude state is calculated using the maximum likelihood estimation on the samples of measured amplitudes (supplemental data). Mathematical modeling and statistical analysis of the data are detailed in the supplemental data.
Bulk Phase Enzyme Assays-Exonuclease and pyrophosphorolysis assays shown in Figs. 4 and 5 were conducted as described under "Results" and in the legends to Figs. 4 and 5. Reactions were terminated at the indicated times with buffersaturated phenol. Following extraction and ethanol precipitation, reaction products were dissolved in 7 M urea, 0.1ϫ Tris borate-EDTA (TBE) and resolved in gels containing 22% acrylamide:bisacrylamide (19:1), 7 M urea, and 1ϫ TBE. Gels were visualized on a UVP gel documentation system. Band intensities were quantified using NIH ImageJ software.
RESULTS
The ␣-HL nanopore has emerged as a tool for distinguishing among DNAP-DNA complexes in different functional states at the single molecule level with high spatial and temporal resolution (19, 20 -23) . In the nanopore device, a single ␣-HL nanopore is inserted in a lipid bilayer that separates two chambers (termed cis and trans) containing buffer solution (Fig. 1A) . Ionic current through the nanopore is carried by K ϩ and Cl Ϫ ions, and a patch clamp amplifier applies voltage and measures ionic current. A typical current trace for a captured binary com-plex between wild type phi29 DNAP and a DNA substrate (Fig.  1B, DNA1 ), formed in buffer containing 10 mM MgCl 2 and captured at 180 mV applied potential, is shown in Fig. 1C . Schematics above the current trace illustrate the sequence of events.
A decrease in ionic current through the nanopore from the open channel level (Fig. 1C, i) occurs when the phi29 DNAP-DNA complex is captured (Fig. 1C, ii) . The enzyme is too large to enter the nanopore vestibule and thus holds the duplex portion of the DNA substrate atop the pore. In this state, the DNA template strand is suspended through the pore lumen, which is wide enough to accommodate single-stranded but not duplex DNA. Phi29 DNAP-DNA complexes reside atop the nanopore for several seconds at 180 mV applied potential (Fig. 1C, ii) . During this period, binary complexes formed with the DNA1 substrate fluctuate between an upper amplitude level centered at ϳ32 pA and a lower amplitude level centered at ϳ26 pA (Fig. 1, C (Fig. 1C, vi) and another complex can be captured.
When dGTP (complementary to the dCMP residue at n ϭ 0 of the template strand) was titrated into the nanopore chamber, it caused a concentration-dependent increase in the fraction of time that phi29 DNAP-DNA complexes spent in the lower of the two amplitude states observed for the binary complex (Fig.  1D, insets, current traces) . The equilibrium between the two states was determined by generating histograms of all sampled amplitude data points (Fig. 1D, blue curves) and fitting them to a function of two Gaussian modes to calculate the area under each Gaussian mode (Fig. 1D, red curves) . The equilibrium between the two amplitude states is expressed as p ϭ probability of the lower amplitude state. Throughout this study, p is reported in the format of means Ϯ S.E. For example, the average fraction under the lower amplitude peak, determined from histograms of 27 individual phi29 DNAP-DNA binary complexes captured at 180 mV (such as those shown in Fig. 1C and in the top panel (0 M dGTP) in Fig. 1D ), was p ϭ 0.14 Ϯ 0.002. The equilibrium between the two amplitude states was not affected by the presence of noncomplementary dNTPs (supplemental Fig. S1 ). Stabilization of the lower amplitude state specifically required dNTP complementary to the templating base in the polymerase active site. Thus the lower of the two amplitude states can be assigned as one in which the primer-template junction is in the polymerase active site in the post-translocation state. 4 Physical Nature of Fluctuations between the Two Amplitude States-The ionic current transitions that occur when phi29 DNAP-DNA complexes are held atop the nanopore in an applied field could have two different causes, which are not mutually exclusive. They could be due to conformational changes in the phi29 DNAP-DNA complex atop the pore that alter the extent to which the complex impedes ion flow into the channel. Alternatively, the amplitude oscillations could be caused by a movement of the DNA relative to the nanopore that alters the position of the template strand in the pore lumen. The five consecutive abasic (1Ј,2Ј-H) residues in the template strand of the DNA1 substrate (Fig. 1B) serve as a reporter that modulates the ionic current blockade of DNAP-DNA complexes. They allow more current to flow through the channel than a strand composed of normal DNA residues alone. The extent to which the abasic reporter augments the amplitude of captured complexes depends upon its position relative to the limiting aperture of the nanopore lumen. Thus, the abasic residues can report on the position of DNA in captured complexes and on the direction and distance of movement of the DNA template with respect to the enzyme and nanopore during synthetic and degradative reactions (19, 22, 23) .
To determine the contribution of template displacement to the amplitude oscillations, we formed phi29 DNAP complexes with a substrate that lacked the abasic reporter group and that contained poly(dCMP) spanning template positions ϩ5 to ϩ29 (the entire length of the segment suspended through the nanopore; see Fig. 2A ). In this substrate, the DNA sequences that interact with the enzyme in the duplex region and in the template strand from positions n ϭ 0 to ϩ4 were identical to those in the DNA1 substrate (Fig. 1B) . No amplitude transitions were discernable when complexes formed with the DNA substrate lacking the abasic reporter group (see current traces in Fig. 2B , insets) were captured. Histograms of all sampled amplitude points fit well to a single Gaussian distribution (Fig. 2B) for the binary complexes formed with this substrate and when dGTP was titrated into the chamber. The same results where obtained with substrates in which poly(dAMP) or poly abasic residues spanned ϩ5 to ϩ29 of the template strand (supplemental Fig.  S2, A and B) . Thus, the ability to detect the state fluctuations of complexes atop the pore is dependent on the presence of a reporter group in the DNA template strand that is suspended through the nanopore lumen. The direct contribution to the transitions in the measured signal caused by changes in the extent to which the complex atop the pore directly impedes the entry of ions into the channel is negligible. The oscillations in ionic current amplitude detected for phi29 DNAP complexes are caused by the displacement of the template strand in the lumen, reported by the appropriately placed abasic residues.
Mapping experiments have established that when phi29 DNAP complexes formed with DNA1 ( Fig. 1B) are captured, the abasic residues that span positions ϩ8 through ϩ12 of the template are positioned just above the limiting aperture of the pore lumen (19) . With this DNA substrate, if the template strand moves closer to the complex atop the pore, the ionic current decreases as the abasic block is moved further from the limiting aperture. Conversely, movement of the template strand away from the enzyme complex atop the pore result in an ionic current amplitude increase as the abasic block is moved closer to the limiting aperture. Therefore, when complexes formed with the DNA1 substrate transition from the lower amplitude, post-translocation state (Fig. 2C, i) to the higher amplitude state (Fig. 2C , ii), the template strand moves away from the complex atop the pore (further toward the trans chamber). This assignment of the direction of the template
Translocation in Individual DNA Polymerase Complexes

JOURNAL OF BIOLOGICAL CHEMISTRY
VOLUME 287 • NUMBER 16 • APRIL 13, 2012 movement was corroborated by the results of experiments in which phi29 DNAP complexes were formed with a DNA substrate bearing an abasic reporter spanning template positions ϩ13 to ϩ17 (supplemental Fig. S2, C and D) .
Distance of the Template Movement-To evaluate the distance of the template displacement that occurs when phi29 DNAP complexes reside atop the nanopore and transition between the two amplitude states, we used three DNA substrates in which an abasic reporter was embedded at different positions in a template strand that otherwise consisted of poly C from positions ϩ5 to ϩ34. In the three DNA substrates, the abasic block spanned positions ϩ7 to ϩ11 (Fig. 2D, i ), ϩ8 to ϩ12 (Fig. 2D, ii) , or ϩ9 to ϩ13 (Fig. 2D, iii) of the template. The poly C flanking the abasic blocks minimizes the effects of the DNA sequence on ionic current amplitude. DNA sequences in the duplex region of these substrates and in the template strand from positions n ϭ 0 to ϩ4 were identical to those in the DNA1 substrate (Fig. 1B ). Complexes formed with each of these three DNA substrates exhibited amplitude oscillations (supplemental Fig. S3 ) similar to those observed for the DNA1 substrate. When phi29 DNAP-DNA complexes formed with substrates bearing these three abasic configurations are captured, the abasic block is positioned above the limiting aperture of the pore lumen (19) . As observed with the DNA1 substrate, with each of the three substrates the lower amplitude state was stabilized by the addition of dGTP (supplemental Fig. S3 ), indicating that the direction that the template moves in the transition from one functional state to the other is the same among all of the complexes.
In the presence of dGTP, the lower of the two amplitude states can be considered a reference point in which complexes formed with the substrates in Fig. 2D , i-iii, are in equivalent functional states (with the primer-template junction bound in the polymerase active site in the post-translocation state). Thus, when complexes formed with the substrate bearing the abasic block from positions ϩ9 to ϩ13 are in the lower amplitude state, the position of the abasic block in the pore lumen is displaced by a single nucleotide relative to the lower amplitude state of complexes formed with the substrate in which the abasic block spans positions ϩ8 to ϩ12. The same is true when complexes formed with the substrate bearing the abasic block from positions ϩ8 to ϩ12 are compared with complexes formed with the substrate bearing the abasic block from positions ϩ7 to ϩ11.
We compared complexes in which the abasic block in the template was displaced by the distance of a single nucleotide, in experiments in which two DNA substrates (with the abasic block spanning either ϩ7 to ϩ11 and ϩ8 to ϩ12 or ϩ8 to ϩ12 and ϩ9 to ϩ13) were present in the cis chamber at the same time, minimizing the small effects of experiment-to-experiment variation on the comparisons. A plot of the upper and lower amplitude peaks from histograms of all the sampled amplitude points for numerous complexes shows that the upper amplitude state for complexes formed with the substrate bearing the abasic block from positions ϩ7 to ϩ11 corresponds closely to the lower amplitude state of complexes formed with the substrate in which the abasic block spans positions ϩ8 to ϩ12 (Fig. 2E) . Analogously, the upper amplitude state for complexes formed with the substrate bearing the abasic block from positions ϩ8 to ϩ12 corresponds closely to the lower amplitude state of complexes formed with the substrate with the abasic block from positions ϩ9 to ϩ13. These correspondences also hold when complexes are captured at higher voltages (Table 1 ). Fig. 2F shows a representative current trace from such an experiment, in which phi29 DNAP, 200 M dGTP, and the substrates in Fig. 2D , ii and iii, were added to the pore chamber. Complexes were captured at 180 mV. The latter portion of the trace for a complex with the abasic reporter spanning ϩ8 to ϩ12 of the template is shown followed directly by the beginning portion of trace for the capture of a complex with the template abasic residues spanning ϩ9 to ϩ13 (Fig. 2D) . The dashed blue line shows the close alignment of the upper amplitude state of the first complex with the lower amplitude of the second (Fig. 2F) . Thus, when phi29 DNAP-DNA complexes move from the lower amplitude state (in which the primertemplate junction is in the polymerase active site in the posttranslocation state) to the upper amplitude state, the DNA moves with respect to the nanopore such that the template strand is displaced further away from the complex atop the pore by a distance of ϳ1 nucleotide (Fig. 2C) .
Effects of Voltage and dNTP on phi29 DNAP-DNA Complexes-The equilibrium between the two amplitude states for captured phi29 DNAP-DNA complexes is dependent upon complementary dNTP in a concentration-dependent manner (Fig. 1D) . The equilibrium between the states is also dependent upon the applied voltage, which exerts force on the DNA template strand. We used a four-state model to study the equilibrium properties of the amplitude transitions FIGURE 1. Complexes of phi29 DNAP captured in the ␣-HL nanopore. In the nanopore device (A), a single ␣-HL nanopore is inserted in a ϳ25-m-diameter lipid bilayer that separates two chambers (cis and trans) containing buffer solution. Current through the nanopore is carried by K ϩ and Cl Ϫ ions. A patch clamp amplifier applies voltage and measures ionic current. B, hairpin DNA substrate (DNA1) featuring a 14-base pair duplex region and a single-stranded template region of 35 nucleotides. The primer strand terminates with a 3Ј-ddCMP residue, and the template strand contains five consecutive abasic (1Ј,2Ј-H) residues spanning positions ϩ8 to ϩ12 (indicated as red Xs in the sequence). The structure of an abasic residue is shown below the DNA sequence. C, Representative current trace for a binary complex formed between phi29 DNAP and the DNA1 substrate captured at 180 mV applied potential in buffer containing 10 mM K-Hepes, pH 8.0, 0.3 M KCl, 1 mM EDTA, 1 mM DTT, and 11 mM MgCl 2 . DNA and phi29 DNAP were added to the nanopore cis chamber to final concentrations of 1 and 0.75 M, respectively. Schematics are labeled with lowercase roman numerals corresponding to those above the features in the current trace that they illustrate, which are described under "Results." In the schematics, the abasic residues are shown as red circles. D, amplitude histograms (blue curves) fit to a two-term Gaussian function (red curves) for phi29 DNAP-DNA complexes formed with the DNA1 substrate shown in B and captured at 180 mV applied potential. ( Fig. 3A) . As detailed in the supplemental data, along the direction of DNA displacement (amplitude change), we labeled the upper amplitude state as state 1 and the lower amplitude state as state 2. Along the direction of dGTP binding/dissociation, the DNAP-DNA complex has two states: a binary complex (denoted by B) and a ternary complex . 1B) . B, amplitude histograms (blue curves) shown with the fit to a single Gaussian function (red curves) for representative phi29 DNAP-DNA complexes formed with the substrate shown in A and captured at 180 mV applied potential. Current trace segments from within the measured events are shown as insets in the upper right of each histogram panel, and the concentration of dGTP in the nanopore chamber is indicated in the lower right of each panel. C, schematic illustration of the template displacement that occurs when phi29 DNAP complexes formed with the DNA1 substrate in Fig. 1B move from the lower amplitude state (i) (ϳ26 pA at 180 mV applied potential) that can be stabilized by complementary dNTP to the upper amplitude state (ii) (ϳ32 pA at 180 mV applied potential). In the transition from state i to ii, the template strand moves further away from the complex atop the pore (toward the trans chamber). This results in an amplitude increase as the abasic reporter is drawn closer to the limiting aperture of the nanopore lumen. D, DNA substrates used to determine the distance of the DNA template movement in the nanopore lumen during phi29 DNAP-DNA complex amplitude oscillations. The substrates feature abasic residues (indicated as red Xs) spanning template positions ϩ7 to ϩ11 (i), ϩ8 to ϩ12 (ii), or ϩ9 to ϩ13 (iii) embedded in a template strand that consists otherwise of poly(dCMP) from position ϩ5 to ϩ34. The DNA substrate sequences, including the entire duplex region and the template strand from positions n ϭ 0 to ϩ4, are otherwise the same as in DNA1 (Fig. 1B) . E, plot of the average upper (red circles) and lower (blue circles) amplitudes for complexes formed with the substrates shown in D, captured at 180 mV. Values plotted are the average of the peak amplitudes from histograms of all sampled data points (measured from 10 to 15 s of current trace from each event) fit to a two-term Gaussian function. Error bars indicate the standard error of the mean. F, real-time current trace at 180 mV applied potential, showing the latter part of a capture event for a phi29 DNAP-DNA complex formed with the substrate shown in Dii followed directly by a capture of a complex with the substrate shown in Diii. Both DNA substrates (0.5 M each), phi29 DNAP (1 M), and 200 M dGTP were present in the cis chamber. To maximize the number of complexes sampled during individual experiments, events that lasted longer than 30 s were terminated by a voltage reversal to Ϫ60 mV to eject the complex from atop the pore. Amplitude assignments for experiments in which two DNA substrates were present were verified in experiments in which DNA substrates were examined individually.
(denoted by T). Taking together the DNA displacement and dGTP binding, we have four possible states: B1, DNAP-DNA binary complex in the upper amplitude state; T1, DNAP-DNA ternary complex in the upper amplitude state; B2, DNAP-DNA binary complex in the lower amplitude state; and T2, DNAP-DNA ternary complex in the lower amplitude state.
Recall that p ϭ equilibrium probability of the lower amplitude state (B2 ϩ T2). In the supplemental information, we derived that
where The quantity log(p/ (1 Ϫ p) ), predicted to be a linear function of voltage in the model, is plotted in Fig. 3B for data collected at various dGTP concentrations. The fitting lines for different dGTP concentrations are parallel to each other and differ only by a shift in the vertical direction (Fig. 3B) . This indicates that the distance of the DNA displacement associated with the transitions between the two amplitude states is not affected by dGTP binding; rather, dGTP binding simply changes the equilibrium between the two states. Importantly, the binding of dGTP does not result in a third state along the direction of displacement, validating our assignment of the lower amplitude state in the binary complex as the post-translocation state.
To study the dGTP binding affinities of complexes in the two amplitude states, we consider the normalized p/(1 Ϫ p), defined as p/(1 Ϫ p) divided by its value at [dGTP] ϭ 0, for dGTP titrations conducted at various voltages (see supplemental material for details). The model predicts that the normalized
). In particular, it predicts that the normalized p/(1 Ϫ p) is independent of the voltage. The data in Fig. 3C show that the normalized p/(1 Ϫ p) is indeed independent of the voltage, which validates the assumption that K d of dGTP for each amplitude state is independent of the voltage. In Fig. 3C , the normalized p/(1 Ϫ p) is a linear function of [dGTP] up to at least 1200 M (the highest dGTP concentration tested). This implies that K d (1) , the binding affinity of dGTP for the upper amplitude state, is greater than 1200 M. The slope of the linear function gives the value of K d (2) , the binding affinity of dGTP for the lower amplitude, post-translocation state. A least square fitting yields
The very large value of K d (1) is consistent with the proposal that dGTP does not bind to phi29 DNAP-DNA complexes in the upper amplitude state but instead binds to complexes only in the post-translocation state. Close inspection of current a Average amplitude of the upper amplitude peak determined from amplitude histograms fit to a two-Gaussian function for complexes formed between phi29 DNAP and the DNA substrate in Fig. 2D , ii. b Average amplitude of the lower amplitude peak determined from amplitude histograms fit to a two-Gaussian function for complexes formed between phi29 DNAP and the DNA substrate in Fig. 2D , iii.
traces at relatively low dGTP concentrations reveals periods (Fig. 3D , ii and iii, roughly indicated by red lines) during which complexes transition between the states with rates that cannot be distinguished from the binary complex transitions (Fig. 3D,  i) . These periods are punctuated by transitions in which the lower amplitude state is stabilized due to dGTP binding (Fig.  3D , ii and iii). Although these data do not formally rule out an effect of dGTP on the dwell time of complexes in the upper amplitude state, they suggest that dGTP affects the equilibrium solely by stabilizing the lower amplitude, post-translocation state.
Relationship between Upper Amplitude State and 3Ј-5Ј-Exonuclease Activity-
We have shown that individual DNA substrate molecules with fully paired duplexes bearing 3Ј-H termini can be activated as substrates for primer extension in the presence of dNTPs, whereas phi29 DNAP-DNA complexes were held on the pore (19) . This activation requires that the 3Ј-H ddNMP residue be excised in the exonuclease active site, and the trimmed primer strand, with its newly formed 3Ј-OH terminus, be transferred to the polymerase active site for synthesis to ensue. The characteristic amplitude fluctuations at the start of the capture events for these complexes (prior to ddNMP excision), to and from a state that can be stabilized by incoming dNTP, indicates that they initially reside at least part of the time in the polymerase active site. Thus, for synthesis to ensue, primer strand transfer in both directions between the polymerase and exonuclease active sites must occur at least once while these complexes reside atop the pore.
To address whether there was a relationship between the amplitude fluctuations of phi29 DNAP-DNA complexes atop the nanopore and exonucleolytic activity, we exploited the effect of DNA sequences on the amplitude fluctuations. The equilibrium of phi29 DNAP-DNA complexes between the upper and lower amplitude states can be modulated by DNA sequences in both the duplex and single-stranded portions of the DNA substrate that are proximal to the polymerase active site (Fig. 4) . We will present a detailed analysis of the effects of active site-proximal sequences on amplitude state equilibria elsewhere; here we have exploited the differences that are exhibited in complexes formed with three DNA substrates. In the first substrate (DNA1), the Ϫ2 primer-template base pair is G-C and the n ϭ 0 residue is dCMP (Fig. 4A) ; this is the substrate featured in Fig. 1, C and D, for which the equilibrium fraction in the lower amplitude state for binary complexes captured at 180 mV is p ϭ 0.14 Ϯ 0.002. For the second DNA substrate (Fig. 4A, DNA2) , the Ϫ2 base pair is T-A and the n ϭ 0 residue is dCMP. When binary complexes formed with this substrate are captured at 180 mV, the equilibrium fraction in the lower amplitude state is p ϭ 0.5 Ϯ 0.024. In the third DNA substrate (Fig. 4A, DNA3) , the Ϫ2 base pair is T-A and the n ϭ 0 residue is dAMP. For binary complexes formed with this substrate and captured at 180 mV, the equilibrium fraction in the lower amplitude state is p ϭ 0.77 Ϯ 0.005.
Representative histograms and current traces for binary complexes formed between wild type phi29 DNAP and each of the three substrates, captured at 180 mV, are compared in Fig.  4B . The dNTP complementary to n ϭ 0 for DNA2 (dGTP) caused a concentration-dependent increase in the fraction of time that complexes spent in the lower amplitude state (not shown); dTTP, complementary to n ϭ 0 for DNA3, caused a concentration-dependent increase in the fraction of time that phi29 DNAP-DNA3 complexes occupied the lower amplitude state (supplemental Fig. S4 ). This confirms that the lower amplitude state corresponds to the post-translocation state for complexes formed with each of the three DNA substrates. When the quantity p/(1 Ϫ p) is plotted as a function of voltage for binary complexes formed with each of the three DNA substrates, the fitting lines are parallel to each other, differing only by a shift in the vertical direction (Fig. 4C ). This indicates that the equilibrium between the two amplitude states, but not the distance of the DNA displacement associated with the transitions between the states, is affected by the active site-proximal sequences.
We compared DNA substrates bearing the three different sequences in exonuclease assays using 5Ј-fluorescein-labeled DNA hairpins bearing the same active site-proximal sequences as those used in the nanopore assays (Fig. 4D ). There was a correlation between the extent to which active site-proximal sequences biased complexes toward the upper amplitude state and the propensity for the first exonucleolytic cleavage to occur in the bulk phase (Fig. 4, E and F) . For example, after 10 min at 21°C, 55.5 Ϯ 3.2% of the substrate shown in Fig. 4D , i, remained intact; 79.3 Ϯ 1.2% of the substrate shown in Fig. 4D , ii, remained intact; and 89.9 Ϯ 2.5% of the substrate in Fig. 4D , iii, was uncleaved. After 60 min, these fractions were 3.2 Ϯ 0.6%, 18.6 Ϯ 0.9%, and 52.4 Ϯ 3% for the substrates in Fig. 4D, i , ii, and iii, respectively (determined from four independent experiments and given with standard errors). This DNA sequence-dependent effect on the rate of the first exonucleolytic cleavage was also observed in buffer containing 150 mM KCl (supplemental Fig. S4 ). Identical results were obtained whether or not substrates were preincubated with phi29 DNAP prior to initiation of the reactions by the addition of Mg2ϩ, indicating that the difference in activity among the three substrates was not due to a difference in the rate of phi29 DNAP binding to the different substrates.
The experiments shown in Fig. 4 suggest a correlation between the amplitude fluctuations observed on the nanopore for complexes held under force and bulk phase enzyme function absent force. The data suggest that the upper amplitude state is either one in which the primer strand has been transferred to the exonuclease active site (but is not cleaved and returns repeatedly to the polymerase active site), or it is an intermediate in the transfer pathway.
Relationship between Amplitude States and Primer Strand Pathway from the Polymerase Site to the Exonuclease Site-To address whether the upper amplitude state is one in which the primer strand has been transferred to the exonuclease active site, we used the N62D mutant of phi29 DNAP. This mutant enzyme is strongly compromised in its ability to stably transfer the primer strand of substrates bearing fully base-paired duplexes from the polymerase active site to the exonuclease active site (24) . The impairment in stable primer strand binding at the exonuclease site caused by the N62D mutant shifts the equilibrium between the polymerase and exonuclease sites toward the polymerase site for DNA substrates with fully paired duplexes (24) . We reasoned that if the upper amplitude state corresponded to an exonuclease complex, the impairment conferred by the N62D mutation would alter the equilibrium or the distance between the two amplitude states when complexes formed with the mutant enzyme were captured atop the nanopore.
The functional defect of the N62D mutant characterized for DNA substrates with 3Ј-OH-terminated primer strands (24) persisted when this enzyme was assayed with the substrate in Fig. 4D , i, which bears a 3Ј-H-terminated primer strand (Fig.  5A ). Although the 3Ј-H-terminated substrate is a poorer exonuclease substrate than the equivalent DNA substrate bearing a 3Ј-OH terminus (19) , the ddCMP terminus can be fully excised by the wild type enzyme (Fig. 5A, lanes 1-8) . However, cleavage of this substrate by the N62D mutant was almost undetectable (Fig. 5A, lanes 9 -16) .
To determine whether the active site-proximal sequences that affect both the dwell time of complexes in the two states and the rate of exonucleolytic degradation with the wild type Fig. 1B) in the T-A base pair (primer-template) at Ϫ2 of the duplex (highlighted in purple). DNA3 differs from the DNA1 substrate in the T-A base pair (primer-template) at Ϫ2 of the duplex (highlighted in purple) and from the DNA1 and DNA2 substrates in the dAMP residue at template position n ϭ 0 (highlighted in blue). For DNA1, the Ϫ2 base pair is G-C and the n ϭ 0 residue is dCMP. The three substrates are otherwise identical, including the abasic reporter from template positions ϩ8 to ϩ12 (shown as red Xs). Sixteen residues at the 5Ј-end of the template strand are not shown in this panel but can be seen in Fig. 1B . B, amplitude histograms (blue curves) for representative binary complexes formed with DNA1, DNA2, or DNA3 captured atop the nanopore at 180 mV. Histograms are fit to a two-term Gaussian function (red curves). Current trace segments from within the measured events are shown as insets in each histogram panel. C, quantity p/(1 Ϫ p) (where p is the probability of the lower amplitude, post-translocation state) as a function of applied voltage for wild type phi29 DNAP-DNA binary complexes formed with DNA1 (blue circles), DNA2 (red squares), or DNA3 (black triangles). D, DNA substrates used in the exonuclease assays. Residues at the Ϫ2 base pair of the duplex (highlighted in purple) and at n ϭ 0 of the template strand (highlighted in blue) in substrates i, ii, and iii correspond to those used in the nanopore assays, DNA1, DNA2, and DNA3, respectively; 5Ј-F, 6-carboxy fluorescein. E, denaturing 22% polyacrylamide gels showing the products of phi29 DNAP-catalyzed exonucleolytic cleavage in nanopore buffer (20 1-8) or N62D phi29 DNAP (lanes 9 -16) in nanopore buffer using the DNA substrate with the sequence shown in Fig. 4D, i. B, denaturing gel showing the products of exonuclease reactions catalyzed by N62D phi29 DNAP in nanopore buffer using substrates with 3Ј-OH primer termini and the sequences shown in Fig. 4D, i (lanes 1-8 here) , and Fig. 4D, iii (lanes 9 -16 here) . C, quantity p/(1 Ϫ p) (where p is the probability of the lower amplitude, post-translocation state) as a function of applied voltage for phi29 DNAP-DNA binary complexes formed with the DNA1 substrate (filled symbols) or the DNA3 substrate (open symbols) shown in Fig. 4A . Complexes were formed with wild type phi29 DNAP (blue circles), the N62D enzyme (black squares), or the D12A/D66A enzyme (red triangles). Error bars indicate the standard error. D, real-time current trace at 190 mV applied potential showing the latter part of a capture event for an N62D phi29 DNAP-DNA complex formed with the substrate shown in Fig.  2D , iii, followed directly by a capture of a complex with the substrate shown in Fig. 2D , ii. Both DNA substrates (0.5 M each), N62D phi29 DNAP (1 M), and 40 M dGTP were present in the nanopore cis chamber. To maximize the number of complexes sampled during individual experiments, events that lasted longer than 30 s were terminated by a voltage reversal to Ϫ60 mV to eject the complex from atop the pore. E and F, denaturing gels showing the products of reactions catalyzed in nanopore buffer by D12A/D66A phi29 DNAP with the DNA substrates shown in Fig. 4D, i (E, lanes 1-5; F, lanes 1-7) or Fig. 4D, iii (E, lanes 6 -10; F, lanes  8 -14) . Mixtures containing 1 M DNA substrate, 1.25 M D12A/D66A phi29 DNAP, and dNTPs and pyrophosphate (3 mM) as indicated were preincubated at 21°C for 15 min prior to initiation of the reactions by the addition of 10 mM MgCl 2 and incubation at 30°C for 180 min (E) or the times indicated (F). Where indicated, dCTP was present at 400 M. The indicated reactions were followed by a chase step (composed of 250 M each dATP, dGTP, and dTTP unless otherwise indicated below) conducted at 21°C for 12 min. In E, lanes 5 and 10 (denoted by asterisks), all reaction components including the chase mixture were incubated in the presence of MgCl 2 at 21°C for 12 min (chase incubation conditions only). The reactions shown in F, lanes 6 and 13, included 400 M dGTP in the 30°C incubation, and the chase was composed of 250 M each dATP and dTTP; in F, lanes 7 and 14, the 30°C reactions included 400 M dTTP, and the chase was composed of 250 M each dATP and dGTP. These lanes are also indicated by asterisks.
enzyme also affected exonucleolytic cleavage catalyzed by the N62D enzyme, we used 3Ј-OH-terminated versions of the substrates shown in Fig. 4D, i and iii. Although slow cleavage of the substrate with the sequence that biases complexes toward the upper amplitude state by the N62D enzyme was observed (Fig.  5B, lanes 1-8) , cleavage of the substrate that biases complexes toward the lower amplitude (post-translocation) state was barely detectable (Fig. 5B, lanes 9 -16) . Thus despite the impairment of the N62D in the productive transfer of a fully paired primer strand to the exonuclease site, this mutant enzyme exhibits the same sequence preference as the wild type enzyme.
When complexes formed with the N62D enzyme were examined in nanopore experiments, the fluctuations between amplitude states were virtually indistinguishable from complexes formed with the wild type enzyme (Fig. 5C and supplemental  Fig. S5 ). The equilibrium between the two states was the same for binary complexes formed with the wild type and N62D enzymes; this was true for both the DNA1 and DNA3 sequence variants at voltages from 110 to 230 mV (Fig. 5C ). The rates of transitions between the states appear nearly identical for binary complexes formed with both enzymes (supplemental Fig. S5 ). In addition, the distance of the template displacement observed for the N62D enzyme was indistinguishable from the distance observed for the wild type enzyme (Fig. 5, C and D, and Table 1 ). Therefore, the upper amplitude state is not one in which the primer strand has been transferred to the exonuclease active site. These data are consistent with the proposal that the upper amplitude state is an intermediate on the strand transfer pathway that is traversed prior to the step impaired by the N62D mutation.
What Is the Nature of the Proposed Intermediate on the Transfer Pathway?-The distance, direction, and effects of voltage on the template displacement that occurs in phi29 DNAP complexes are consistent with the hypothesis that when complexes are in the upper amplitude state, the primer-template junction is in the polymerase active site in the pre-translocation state. This model predicts that the DNA substrate with the sequence that biases complexes toward the upper amplitude state would serve as a superior substrate for pyrophosphorolysis. This reaction is the reverse of phosphodiester bond formation and is thus catalyzed in the pre-translocation state.
To compare the relative rates of the first pyrophosphorolytic cleavage for the two DNA substrates, we used the D12A/D66A mutant of phi29 DNAP, which lacks two of the aspartate residues essential for binding the catalytic divalent metal ions at the exonuclease active site and thus has negligible exonucleolytic activity (25, 26) . As with the N62D enzyme, the amplitude fluctuations on the nanopore for complexes formed with the D12A/D66A enzyme and each of the two DNA substrate sequence variants were indistinguishable from complexes formed with the wild type enzyme (Fig. 5C and supplemental  Fig. S5 ).
With the D12A/D66A enzyme, no extension of 3Ј-H-terminated substrates by the polymerase should occur in the presence of dNTPs unless the 3Ј-ddNMP residue is first excised by pyrophosphorolysis and exchanged for dNTP. Therefore, all DNA molecules bearing a 3Ј-OH terminus that accumulate in the presence of pyrophosphate should be directly dependent upon the first ddNTP excision. We conducted pyrophosphorolysis reactions using 3Ј-H-terminated DNA substrates in the presence of a high concentration of dCTP (400 M) so that when the terminal ddCMP residue of a molecule was cleaved, if a residue was re-added by the polymerase there would be a high probability that it would be dCMP. We followed the initial reactions with a chase containing the remaining three dNTPs, the goal being to drive all products of initial ddCMP cleavage forward into extension products.
As expected with the D12A/D66A enzyme and 3Ј-H-terminated DNA substrates, no excision products were observed in the absence of pyrophosphate (Fig. 5E, lanes 1 and 6) , and no excision or primer extension products were generated when dNTPs were added to reactions that had not been exposed to pyrophosphate (Fig. 5, E, lanes 4 and 9, and F, lanes 1 and 8) . Although bands smaller than the full-length substrates are visible in the long gel exposures necessary for this experiment (particularly for the substrate in Fig. 5, A, lanes 1-5, and B, lanes  1-7) , these bands are not due to a low level of exonuclease activity catalyzed by the D12A/D66A enzyme (supplemental Fig. S6 ) but are contaminants that persisted through two sequential gel purifications and are present without enzyme. Importantly, these bands were non-extendable with or without exposure to pyrophosphate (see below) and thus do not complicate the interpretation of the experiments.
In reactions conducted with pyrophosphate but without dNTPs, more pyrophosphorolysis products appeared to be generated with the DNA substrate with the sequence that biases complexes toward the upper amplitude state than with the substrate sequence that biases complexes toward the lower amplitude state (compare Fig. 5 , E, lane 2 with 7, and F, lane 5 with 12). All of the detectable pyrophosphate-dependent products, but none of the minor contaminants, were driven into primer extension products by the chase (Fig. 5, E, lanes 3 and 8, and F,  lanes 2-4 and 9 -11 ). This allowed us to quantify the products of greater size than the starting DNA substrates, to approximate the extent of the first pyrophosphorolytic cleavage for the two DNA substrates. We determined the fraction contributed by the counts in the extended bands to the sum of the counts in the unextended band and the extended bands in the lane. For example, after 90 min at 30°C in the presence of pyrophosphate and dCTP followed by the chase, these fractions were 0.261 (five independent experiments; S.E. 0.014) for the substrate with the sequence that biases complexes toward occupancy of the upper amplitude state and 0.139 (five independent experiments; S.E. 0.01) for the substrate with the sequence that biases complexes toward occupancy of the lower amplitude (posttranslocation) state.
When the DNA substrates were incubated with pyrophosphate in the presence of all four dNTPs, no excision or extension products were detectable (Fig. 5E, lanes 5 and 10) . This may be because of the simultaneous incubation with pyrophosphate and the dNTP complementary to n ϭ 0 (dGTP or dTTP) for each of the substrates. Because pyrophosphorylysis occurs when complexes are in the pre-translocation state, it can be predicted that complementary dNTP would specifically inhibit the first pyrophosphorolytic cleavage for 3Ј-H-terminated DNA substrates by increasing the fraction of time spent in the post-translocation state. We tested this prediction directly by conducting incubations with pyrophosphate, dCTP, and either dGTP (Fig. 5F, lanes 6 and 13) or dTTP (Fig. 5F, lanes 7 and 14) followed by a chase with the remaining two dNTPs. For both DNA substrates, pyrophosphorolysis was specifically inhibited by the dNTP complementary to n ϭ 0 (Fig. 5F, lanes 6 and 14) . Taken together, the experiments in Fig. 5 indicate that the relative rates of pyrophosphorolysis for phi29 DNAP complexes with DNA substrates bearing the two sequences correlate with their relative probabilities to occupy the upper amplitude state atop the nanopore, consistent with a model in which the upper amplitude state is one in which the primer-template junction of the DNA substrate resides in the polymerase active site in the pre-translocation state.
DISCUSSION
Individual phi29 DNAP complexes formed with DNA substrates bearing fully base-paired duplexes fluctuate between two states on the millisecond time scale when captured in an electric field atop the ␣-HL nanopore. This fluctuation is due to a movement of the phi29 DNAP complex atop the pore that displaces the template strand with respect to the nanopore lumen by the distance of approximately a single nucleotide and that is detected as a change in ionic current amplitude reported by five consecutive abasic residues in the template strand (Fig.  6, A and B) . One of the two amplitude states (the lower amplitude state with the abasic reporter used in this study, ϳ26 pA at 180 mV applied potential; Fig. 6B ) can be assigned as one in which the primer-template junction of the DNA substrate resides in the polymerase active site in the post-translocation state, as this state can be stabilized by dNTP complementary to the templating base at n ϭ 0 (Fig. 6C) . When complexes move from the post-translocation state (Fig. 6B) to the upper amplitude state (ϳ32 pA at 180 mV applied potential; Fig. 6A ), the abasic reporter in the template strand moves further away from the enzyme complex atop the pore (further toward the trans chamber). Force applied on the template strand (voltage) biases complexes toward the upper amplitude state (Fig. 6, A and B) . Based upon the distance and direction of the template movement and the effect of voltage on the equilibrium between the two states, we propose that the upper amplitude state is one in which phi29 DNAP-DNA complexes reside in the polymerase active site in the pre-translocation state (Fig. 6A) .
Although the binding affinity for complementary dNTP when complexes are in the post-translocation state is high (K d Ϸ 1.4 M), it is negligible for complexes in the pre-translocation state, and the rate of transition from the pretranslocation state to the post-translocation state appears to be unaffected by dNTP (Fig. 3) . These data support a model in which phi29 DNAP translocation occurs discretely from the pre-translocation state to the post-translocation state, driven by Brownian thermal motion. Binary complexes fluctuate between the pre-translocation and post-translocation states and are rectified to the post-translocation state by the binding of complementary dNTP.
A comparison of DNAP crystal structures for binary complexes in the fingers-open conformation and ternary complexes in the fingers-closed conformation has revealed active-site steric constraints that preclude pre-translocation state binding of the fully paired duplex product of correct nucleotide addition in the fingers-open state. Although the structural details differ, such constraints have been observed for both A and B family FIGURE 6 . Schematic illustration of a model for the states of phi29 DNAP-DNA complexes observed on the nanopore. Immediately following phosphodiester bond formation, phi29 DNAP-DNA complexes are in the pre-translocation state (A) with the primer-template junction in the polymerase active site. Driven by Brownian thermal motion, the binary complexes oscillate between the pre-translocation (A) and post-translocation (B) states in the polymerase active site. The translocation equilibrium is influenced by active site-proximal DNA sequences and is biased toward the pre-translocation state by force on the template strand. Complexes can be rectified in the post-translocation state by the binding of complementary dNTP (C). When the primer strand of the DNA substrate bears a 3Ј-H terminus, complementary dNTP binds to and unbinds from the post-translocation complex. During processive synthesis, when the DNA substrate bears a 3Ј-OH terminus, complementary dNTP binding drives the complex forward through the nucleotide addition cycle. The pre-translocation state (A) is also a branch point from which the primer strand can be transferred to and from the exonuclease active site (D). In these schematics, the abasic residues spanning positions ϩ8 to ϩ12 of the template strand are shown as red circles, and the nucleotide at position n ϭ 0 is highlighted is in orange. The fingers-closing transition that accompanies complementary dNTP binding is illustrated in C. The horizontal dashed lines indicate the displacement of the template strand in the nanopore lumen by a distance of ϳ1 nucleotide that reports the changes in register of the DNA substrate with respect to the enzyme during the transitions between the pre-translocation and post-translocation states.
DNA polymerases (4, 7) . For phi29 DNAP binary complexes to move from the open, post-translocation state represented in the crystal structure (4) to the pre-translocation state (as occurs when complexes oscillate on the nanopore), there presumably must be a mechanism to avoid the steric clash of the primer terminus with residues Tyr-254 and Tyr-390, which occlude the nucleotide insertion site when the fingers are open. If phi29 DNAP binary complexes are in equilibrium between the fingers-open and fingers-closed states, as shown by smFRET for the A-family polymerase KF (27) , this steric block may be relieved in a closed binary complex, permitting the movement to the pre-translocation state. Indeed, a candidate for such a closed binary complex, captured in the pre-translocation state, was observed in a recent structure of a chimeric RB69-UL54 B-family DNAP (28) . The amplitude fluctuations observed in complexes atop the pore may thus reflect an equilibrium between the fingers-open and fingers-closed states inherent in phi29 DNAP-DNA binary complexes.
The equilibrium between the pre-and post-translocation states can be modulated by DNA sequences in the vicinity of the polymerase active site (Figs. 5C and 6B). Consistent with the proposal that the upper amplitude state corresponds to the pretranslocation state, a DNA substrate with a sequence that biases complexes toward occupancy of the upper amplitude state is a better substrate for pyrophosphorolysis than one with a sequence that biases complexes toward the lower amplitude state (Fig. 5) . There is also a positive correlation between substrate sequence bias toward the upper amplitude state for complexes on the pore and a faster rate of exonuclease activity in bulk phase (Fig. 4) , which implicates the upper amplitude state in the pathway for transfer of the primer strand from the polymerase to exonuclease active site. However, the oscillations measured for complexes formed with the N62D mutant enzyme do not differ significantly from those measured for complexes formed with the wild type enzyme (Fig. 5 ). Therefore we propose that the pre-translocation state is a branch point that occurs prior to the step at which the N62D mutation exerts its effect. From this state, the DNA substrate in phi29 DNAP complexes can proceed either to the post-translocation state (Fig. 6, A and B) or to the exonuclease active site (Fig. 6, A  and D) . A pathway in which the pre-translocation state is a branch point in primer strand transfer between the polymerase and exonuclease active sites is also suggested from crystal structures of RB69 DNAP binary complexes formed with a DNA substrate bearing a furan-dAMP mismatch at the duplex terminus (29) . For complexes in two of the copies of the crystal asymmetric unit, the DNA substrate occupied the polymerase active site in the fingers-open, pre-translocation state, whereas for the complex in one copy, the primer strand was melted into the exonuclease active site. Such a pathway implies that during DNA synthesis the commitment to send the primer terminus to the exonuclease site after nucleotide incorporation precedes translocation.
In this study, we have observed directly the translocation step of the phi29 DNAP catalytic cycle at the single molecule level and have quantified the equilibrium across this step as a function of applied force, active site-proximal DNA sequences, and incoming dNTP concentration. This leaves us poised to address the mechanisms by which these factors, as well as duplex mismatches, affect the fate of complexes at this branch point. In a study concurrent with this one (to be presented elsewhere), we have quantified the forward and reverse rates of the transitions between the pre-translocation and post-translocation states, as well as the rates of dNTP binding and dissociation in the posttranslocation state. This will permit the mechanisms governing the pathway to be addressed in a kinetic framework. Because phi29 DNAP-catalyzed DNA synthesis and exonucleolyis can be monitored with single nucleotide precision when complexes reside atop the nanopore (19), we can examine these mechanisms during processive reactions as well as under the equilibrium conditions employed in this current study.
